Thin film interlayer materials inserted at the metal/semiconductor interface provide an effective means to improve charge injection and reduce threshold voltage for organic field-effect transistors. Here we report the use of poly(2-alkyl-2-oxazoline) interlayers for gold electrodes within n-type poly[[N,N′-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]alt-5,5′-(2,2′-bithiophene)] field-effect transistors. We specifically show that the use of poly(2-ethyl-2-oxazoline) yields a reduction in work function from 5.07 to 4.73 eV (E = 0.34 eV), an increase in electron mobility from 0.04 to 0.15 cm 2 /Vs (3.75 times) and a reduction in threshold voltage from 27.5 to 16.5 V (V = 11V) relative to bare gold. The alkyl side chain of the poly(2-alkyl-2-oxazoline)s has a significant influence on film microstructure and, as a consequence, also device performance.
3 such as glass transition temperature (Tg), crystallinity and surface energy (and its dependence on annealing), very little is known to date about its effect on device performance.
Figure 1
A set of hydroxyl-terminated PAOx samples (see Figure 1 (a) for chemical structures) was synthesized, as described previously, via cationic ring-opening polymerization of 2-alkyl substituted 2-oxazolines with alkyl side chain length varied from methyl (poly(2-methyl-2-oxazoline) (PMeOx)) to ethyl (PEtOx) to propyl (poly(2-n-propyl-2-oxazoline) (PPrOx)). The resulting weight-average molecular weights (Mw) were 12.3, 12.7 and 11.6 kDa with dispersities (Đ) of 1.08, 1.10 and 1.09, respectively. PMMA (Mw = 120 kDa; Đ = 2.2; Figure 1(b)) and P(NDI2OD-T2) (Mw = 25-50 kDa; Đ = 1.5 -3.5; Figure 1 (b)) were purchased from Sigma Aldrich (United States) and 1-Material (Canada), respectively, and used as received. PMMA was selected as a low-k (k = 3.5) gate dielectric for our study on the basis of its chemical stability and low surface energy, minimizing interfacial/bulk charge trap densities. 30 P(NDI2OD-T2) is a naphthalenediimide-based semiconducting polymer with highest occupied (HOMO) and lowest unoccupied (LUMO) molecular orbital levels at −5.9 and −4.4 eV, respectively, that has been used previously to fabricate OFETs and as an electron acceptor in all-polymer solar cells. 30, 31 PAOx/methanol, PMMA/n-butyl acetate and P(NDI2OD-T2)/chlorobenzene solutions were prepared at a concentration of 2, 80 and 5 mg/ml, respectively, and were vigorously mixed using a magnetic stirrer at room temperature for 24 hours before spin-coating. Glass substrates were cleaned in an ultrasonic bath, first with acetone then isopropyl alcohol for 10 min each, and dried under flowing nitrogen gas. 30-nm-thickness Au source/drain (S/D) electrodes (channel width 1 mm and length 80 µm) were vacuum-evaporated (5 × 10 −6 Torr) onto the glass substrates through a shadow mask. PAOx films were spin-coated (4000 rpm, 30 s) on top, followed by thermal annealing (120 °C , 10 min); the same procedure was followed for all three PAOx (Figure 1(a) ). Next P(NDI2OD-T2) was spin-coated (2000 rpm, 40 s) on top of the PAOx and annealed (120 °C , 20 min in a dry box with relative humidity < 15%). Then 600-nm-thickness films of PMMA were spin-coated (1500 rpm, 60 s) as a gate dielectric (Ci= 5.5 nF/cm 2 ) onto the P(NDI2OD-T2) and soft-baked (70 °C , 20 min). Finally, 50 nm-thickness silver (Ag) gate electrodes were vacuum-evaporated (5 × 10 −6 Torr) on top (see schematic in Figure 1(b) ). Film thicknesses were measured using a surface profilometer (Veeco Dektak 150) and OFET characteristics using a semiconductor parameter analyzer (4200-SCS, Keithley) connected to a probe station (Cascade Microtech), all under ambient conditions. The work functions of the This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
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PAOx films were determined under ambient conditions using a Kelvin probe (KP Technology) measurement system with a gold disc tip (2 mm diameter), calibrated against highly oriented pyrolytic graphite, and their surface microstructures were probed using an atomic force microscope (AFM, Veeco Dimension 3100).
Figure 2
As shown in Fig. 2a , the transfer characteristics of P(NDI2OD-T2) OFETs were significantly influenced by insertion of the PAOx interlayer. In particular, at moderate drain-source voltages (see left panel for VDS = 20V), devices with PAOx interlayers exhibited higher n-channel drain current (IDS), especially at higher VGS values, and lower turn-on voltages (VON) than devices with bare gold. The effect was particularly pronounced for the PEtOx interlayer with a more than one order of magnitude increase in IDS at VGS = 80V from 0.86 μA to 20.70 μA and a decrease in VON from 15 V for bare gold to 4 V. At high drainsource voltages (see right panel for VDS = 80V), ambipolar operation is observed for all devices with a significant p-channel current becoming evident. 18 For bare gold the two channels are relatively symmetrical but upon insertion of a PAOx interlayer the n-channel becomes more dominant. Again, this is particularly the case for PEtOx, for which there is a simultaneous overall increase in n-channel and reduction in p-channel current and also a reduction in VON. For PMeOx and PPrOx interlayers, however, the main effect is a reduction in p-channel current, with PMeOx being most effective in that regard; the n-channel currents at VGS = 80V are the same as for bare gold.
The output characteristics for P(NDI2OD-T2) OFETs with (right panel) and without (left panel) a PEtOx interlayer are shown in Fig. 2b ; results for PMeOx and PPrOx interlayers show qualitatively similar but much less pronounced changes. At VDS = VGS = 80 V, the PEtOx interlayer device gives IDS = 21.6 µA, some three times higher than for the interlayer-free device where IDS = 7.03 µA. The improved performance for Au/PEtOx over bare Au can be attributed to a reduced contact resistance, as will be discussed further below.
Figure 3
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The threshold voltages (VTH) and field-effect mobilities in the saturation region (µsat), for devices without and with PAOx interlayers, were obtained from a plot of the square root of IDS vs VGS at VDS=80 V (see Fig. 3a and b) . The VTH value (inset Fig.   3a ) for devices with a PEtOx interlayer (16.5 V) is much lower than for bare gold devices (27.5 V), whereas the devices with PMeOx (39.1 V) and PPrOx (37.4 V) exhibited higher VTH values. In respect of µsat, all three PAOx interlayer devices exhibited higher mobility than the device without an interlayer, yielding µsat = 0.07 (PMeOx), 0.15 (PEtOx) and 0.06 (PPrOx), versus 0.04 cm 2 V -1 s -1 for bare Au. In particular, the PEtOx interlayer gives a 3.75 times higher µsat value. In addition, the trend of the field-effect mobilities in the linear region (µlin) (see inset to Fig. 3b ) is consistent with that of µsat. Such enhanced performance is expected to correlate inversely with the contact resistance, RC, times channel width, W, product RCW (Fig. 3d ) which was calculated using the transfer length method by extrapolating the total resistance times channel width product, RtotalW (Fig. 3c ),
to zero channel length. 22 The decreased VTH and increased µsat values for PEtOx interlayer devices are then consistent with the observed reduction in RcW to 0.54 x10 7 Ω cm (see Fig. 3d ), compared to 4.58 x10 7 Ω cm for bare Au. For PMeOx and PPrOx interlayers we find RcW = 5.88 and 5.75 x10 7 Ω cm, respectively, both higher than for bare gold and, therefore, consistent with their higher VTH values. In spite of this, their µsat values are slightly higher than for bare Au (see Fig. 3b ). Finding ways to reduce the contact resistance for PMeOx and PPrOx should allow better results for these two polymers and would be a useful future direction for study. We note, however, that similar values have been previously reported for n-type naphthalene diimide (NDI)-based polymer transistors. 32-35
Figure 4
Kelvin probe measurements were used to study the changes in electrode work function in the presence of PAOx interlayers; Fig. 4a presents the results. The bare Au work function was measured to be  ≈ 5.07 eV, with  ≈ 4.75, 4.73, and 4.74 eV for Au/PMeOx, Au/PEtOx, and Au/PPrOx, respectively. The large energy barrier (≈ 0.67 eV) between the work function of bare Au and the LUMO energy level of P(NDI2OD-T2) hampers electron injection. All three PAOx dipole layers reduce this barrier (to 0.34 ± 0.1 eV), suggesting that the subsequent difference in OFET parameters must have a different origin. It is also not obvious why VTH should be higher for Au/PMeOx and Au/PPrOx than bare Au. Another factor to consider is the microstructure of the PAOx interlayer films. AFM measurements on films spin-coated on glass substrates reveal, as shown in Fig. 4b , that the PEtOx film has a relatively smooth surface with a root-mean-square roughness (RRMS) of only 0.17 nm. In comparison the PMeOx and PPrOx nanolayers are significantly rougher, with RRMS = 0.28 and 0.65 nm, respectively. Rough films of this type This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. PLEASE CITE THIS ARTICLE AS DOI: 10.1063/1.5118337
